H19 and Igf2 monoallelic expression
is regulated in two distinct ways
by a shared cis acting regulatory region

upstream of H19
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H19 and Igf2 are expressed in a monoallelic fashion from the maternal and paternal chromosomes,
respectively. A region upstream of H19 has been shown to regulate such imprinted expression of both genes in
cis. We have taken advantage of a loxP/cre recombinase-based strategy to delete this region in mice in a
conditional manner to determine the temporal requirement of the upstream region in initiating and
maintaining the imprinted expression of H19 and Igf2. Analysis of allele-specific expression of H19 and Igf2
and DNA methylation at the H19 promoter demonstrates that this region controls the monoallelic expression
of the two genes in different ways, suggesting that it harbors two functionally distinct regulatory elements.
Continued presence of the region is required to silence maternal Igf2 in accordance with its proposed role as
an insulator. However, it does not have a direct role in keeping the paternal H19 promoter silenced. Instead,
on the paternal chromosome, the upstream element mediates epigenetic modifications of the H19 promoter
region during development, leading to transcriptional silencing of H19. Thereafter, its presence is redundant
for preventing transcription. Presently, this temporal requirement of the silencing element appears to be a
unique cis activity in the mammalian system. However, it is likely that other cis-acting elements, positive
and negative, have the ability to effect stable changes in the chromatin structure and are not constantly

required to give signals to the transcriptional machinery.
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Certain loci in the mammalian genome exhibit func-
tional inequivalence of the two alleles. Depending on the
parent of origin, some genes are expressed exclusively
from the maternal chromosome and others exclusively
from the paternal chromosome (Efstratiadis 1994; Barto-
lomei and Tilghman 1997; Brannan and Bartolomei
1999). To achieve parent-of-origin-specific expression,
three aspects are of prime importance. During gameto-
genesis, a mark must be set to make paternal and ma-
ternal alleles distinct from each other at the molecular
level. Subsequently, as the embryo develops via cell di-
vision and cell differentiation, the distinction must be
maintained. Finally, the transcriptional machinery must
be able to recognize this distinguishing mark such that it
manifests as allele-specific expression. Failure at any of
the three steps will lead to loss of parentally imprinted
expression.

H19 and Igf2 are part of a cluster of imprinted genes on
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mouse chromosome 7 (syntenic to human chromosome
11p15.5). The genes exhibit reciprocity in allele-specific
expression. Only the maternal allele of H19 is expressed
(Bartolomei et al. 1991) whereas for Igf2, it is the paternal
allele that is active (DeChiara et al. 1991). The two genes
are almost identical in their spatial and temporal expres-
sion patterns. In fact, expression in endodermal tissues
has been demonstrated to be dependent on a common set
of enhancers located between 7 and 9 kb downstream of
the H19 promoter (Leighton et al. 1995). Also, the im-
printing of the two genes is mechanistically linked. De-
letion of H19 and the C10-kb region upstream of it leads
to biallelic expression of Igf2 (Leighton et al. 1995). Mo-
lecular studies implicate sequences upstream of H19 as
important for monoallelic expression of both H19 and
Igf2. Maternal chromosome-specific hypersensitivity to
nuclease digestion has been demonstrated at two regions
that are 02.4 kb and 3.8 kb upstream of the H19 pro-
moter (Hark and Tilghman 1998; Khosla et al. 1999).
Also, this region displays paternal chromosome-specific
hypermethylation (Tremblay et al. 1995) that extends
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from approximately -4.0 kb to -2.0 kb. The differential
methylation patterns are evident at the gamete stage and
are retained through development (Tremblay et al. 1997).
Therfore, methylation of this region has been suggested
to be responsible for controlling the imprinted expres-
sion of H19 and Igf2. Strong support in favor of this role
also comes from mutant studies in which DNA methyl-
transferase gene (dnmt) has been deleted. In these mu-
tants, H19 was shown to be expressed in a biallelic man-
ner, whereas Igf2 expression was completely lost (Li et
al. 1993).

Deletion of a part of the differentially methylated re-
gion (DMR) encompassing -3.7 kb to -2.1 kb upstream of
H19 resulted in biallelic expression of H19 when pater-
nally inherited, and biallelic expression of Igf2 when ma-
ternally inherited (Thorvaldsen et al. 1998). This experi-
ment has provided genetic proof of the crucial role
played by this region in regulating monoallellic expres-
sion of H19 and Igf2. Although these experiments dem-
onstrate the importance of the DMR at the H19/Igf2
locus, they do not determine the exact role of the DMR.
The effect of germ-line inheritance of this mutation was
examined at the level of transcription and DNA meth-
ylation in differentiated tissue. Therefore, loss of mono-
allelic expression could be interpreted as a failure to set
the imprint during gametogenesis, as a failure to main-
tain the imprint during cell division, or as the loss of a
signal important for transcriptional regulation. To ad-
dress these distinct functions, it is necessary to delete
the DMR at different stages of development. A loxP/cre
recombinase-based strategy (Gu et al. 1993, 1994) was
used to delete the DMR in the germ line, in the zygote,
and in differentiated tissue to discern its exact role.

Transcriptional regulation at the H19 locus has been
investigated earlier using transgenic mice. These studies
demonstrated that sequences downstream of -0.8 kb are
sufficient to direct normal H19 expression (Pfeifer et al.
1996). Sequences between -4 kb and -0.8 kb were nec-
essary to direct monoallelic expression of H19 trans-
genes and to induce methylation of the upstream region
in a parent-specific manner. However, imprinting of
these transgenes was observed only when they were
present in multiple copies, suggesting that not all of the
genetic information required for the imprinting of the
H19 locus was present on these constructs (Pfeifer et al.
1996; Elson and Bartolomei 1997). More recent studies
have shown that BAC transgenes carrying the sequences
-7.0 kb to +133 kb are imprinted even when present in
single copies (C. Kaffer and M. Srivastava, in prep.).
Thus, upstream sequences only up to -7.0 kb were in-
ferred to be necessary and sufficient for imprinting H19
and plausibly Igf2. DMR!°* mutants were generated in
which JoxP sites flank the region -7 kb to -0.8 kb up-
stream of H19 (Fig. 1), enabling the deletion of this re-
gion dependent on expression of cre recombinase. The
region includes the entire DMR (-4 to -2 kb), both clus-
ters of hypersensitive sites (-3.8 and -2.4 kb), and all of
the sequences sufficient for imprinting single-copy
transgenes. On the basis of the analysis of these condi-
tional mutants of mice, we demonstrate that the region
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Figure 1. Strategy for conditional deletion of the -7.0-kb to
-0.8-kb region upstream of H19. (a) Targeting vector; (b) wild-
type chromosome; (c) targeted chromosome, DMRIxNee, ()
targeted chromosome DMR°* after excision of the Neo"
selection marker; (e) the DMR* chromosome after cre recombi-
nase-mediated excision at specific stages. (f,g) Southern hybrid-
ization of ES cell DNA to confirm the correctly targeted clones
(DMRoxNe°) - Genomic DNA isolated from the ES cells was
digested with Xbal (f) and hybridized to an EcoRI/Xbal frag-
ment from the 5’ end of the targeted locus. Clones that have
undergone homologous recombination (lane 2) yield a 9.5-kb
band in addition to a 8.0-kb band derived from the endogenous
non-targeted allele (lane 7). Similarly, BgIII digests of the geno-
mic DNA (g) hybridized to an Xbal/BgIII fragment from the 3’
end of the targeted locus yield 11.5-kb and 10.2-kb bands from
the wild-type (lane 1) and targeted alleles (lane 2), respectively,
due to the presence of the additional BgIII site at the -0.8-kb
position. (h) DNA amplified from ES cell clones (DMR1°%) cor-
rectly recombined by cre recombinase in vitro. The DMR!x
allele was a result of cre recombinase-mediated excision of the
Neo resistance gene. This was identified by amplifying the re-
gion around the -7.0-kb HindIIl site (primers PrA and PrB). The
endogenous locus (lane 1) gives a PCR product of 387 bp and the
presence of the loxP site as a result of the correct excision event
increases the size of this fragment to 520 bp. Presence of the
other loxP site at —-0.8-kb Xbal was confirmed by amplifying the
region around it (Primers PrC and PrD). Wild-type (lane 3) and
IoxP carrying DNA samples yield PCR products of 177 and 234
bp, respectively. The correct clones carrying the DMR° allele
(lanes 2, 4) carry the loxP sites at both of these positions. (i)
DNA amplified from genomic DNA of neonates (DMR?), in
which DMR has been excised due to in vivo expression of cre
recombinase under the control of different promoters (described
in text). The excision was verified by PCR amplification (prim-
ers PrA and PrD) to give a 340-bp product. The authenticity of
all of the PCR products was confirmed by sequencing. (j) Posi-
tions of the primers used for the PCR- based amplifications
shown in h and i. Enhancers (circles), loxP sites (solid triangles),
regions used as flanks (thick lines), transcription start site for
H19 (arrow above HI9 gene) and fragments used as probes
(hatched lines above b) are shown. (DTA) Diptheria toxin A
gene; (Bg) Bglll; (H) HindIIl; (R1) EcoRI; (X) Xbal; (M) DNA size
markers.
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harbors two regulatory elements that act in distinct
ways to regulate monoallelic expression of Igf2 and H19
due to parental imprinting.

Results

Generation of conditional mutants

To generate a mutation upstream of the HI19 gene, a
targeting vector (Fig. 1) was constructed that carried a
IoxP site at the -0.8-kb Xbal site and a neomycin-resis-
tance gene flanked by IoxP sites at the -7.0-kb HindIII
site. Distances given are relative to the transcriptional
start of H19. Correctly targeted clones of embryonic
stem cells were identified by Southern hybridization.
Cell lines heterozygous for this mutation, DMRlexNeo,
were subsequently electroporated with a supercoiled
plasmid that directs the expression of cre recombinase.
Resultant clones were analyzed using a PCR-based strat-
egy to identify the recombination event that resulted in
the excision of the neomycin-resistance gene without
deleting the sequences between the -7.0-kb HindIIl and
-0.8-kb Xbal sites. Consequently, the region between
the HindIIl and Xbal sites was flanked by IoxP sites (Fig.
1), generating the DMR°* allele. Thus, mice generated
from such cell lines carried an allele of chromosome 7 in
which the -7.0- to -0.8-kb region upstream of H19 could
be deleted dependent on the in vivo expression of cre
recombinase to generate DMR*. Successful deletion was
monitored by a PCR assay (see Materials and Methods)
and quantified, as needed, by Southern analysis.

Strategy for the assay of allele-specific expression

For all experiments, matings were set up such that two
types of progeny were obtained. Experimental progeny
carried a mutant allele of the DMR on a domesticus
chromosome and a wild-type allele on a castaneus chro-
mosome. Control littermates also carried a domesticus
chromosome and a castaneus chromosome, but not the
mutation under investigation.

To analyze the relative expression from the two chro-
mosomes, we designed a single nucleotide primer exten-
sion (SNuPE) assay taking advantage of polymorphisms
between domesticus and castaneus mice at the H19 lo-
cus. RNA from the tissue of interest was reverse tran-
scribed and amplified for H19. A primer immediately
upstream of the polymorphic base (+ 2395 of H19 relative
to the transcription start) was extended using radioac-
tively labeled dATP or dGTP in the absence of any other
nucleotides. When the H19 primer is extended, relative
dATP and dGTP incorporations give an estimate of
cDNA derived from domesticus and castaneus alleles,
respectively, and hence reflect the relative expression of
H19 from the two parental alleles.

To authenticate the ability of the SNuPE assay to es-
timate the relative contribution of the two alleles, we
assayed DNA samples from pure domesticus and pure
castaneus mice and also their F; progeny. As expected,
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pure domesticus DNA incorporated dATP and pure cas-
taneus DNA incorporated dGTP, whereas F; DNA in-
corporated both of these nucleotides (Fig. 2a). Theoreti-
cally, incorporation of dGTP and dATP in F, DNA
should be equivalent. Instead, we noticed a bias in favor
of dATP. This bias could be attributed to a higher affinity
of Taq polymerase for dATP compared with dGTP and/
or to a difference in the specific activity of the two
nucleotides. Considering this bias, we noted the require-
ment to include multiple F, controls with each assay
that we performed. On the basis of the relative incorpo-
ration of the two nucleotides by the F; DNA, a correc-
tion factor was deduced specifically for each experiment
(see Materials and Methods).

Next, DNA amplified from pure domesticus and pure
castaneus animals was mixed in known proportions
(castaneus:domesticus ratio varying from 8:1 to 1:8) and
subjected to SNuPE (Fig. 2b). We observed a linear in-
crease in the dATP incorporation and a linear decrease in
the dGTP incorporation as the relative proportion of do-
mesticus DNA increased. Relative incorporation of the
two nucleotides was calculated as A/(A+G) taking the F,
correction into account and compared with the theoret-
ically expected A/(A+G) values. The observed values
were found to be comparable with the expected values,
indicating that the SNuPE assay does reflect the relative
concentration of DNA from the two alleles. Thus, we
conclude that the SNuPE assay is capable of quantifying
the relative abundance of RNA from domesticus and
castaneus alleles in a given RNA sample and, therefore,
enables an estimate of the paternal and maternal contri-
butions to total H19 RNA.

A similar assay was used for estimation of the relative
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Figure 2. SNuPE assays for H19 with control DNA templates.
(a) DNA from castaneus (cas), domesticus (dom) and from cas-
taneus x domesticus F, (F1) mice. Castaneous DNA incorpo-
rates dGTP and domesticus DNA incorporates dATP. F; DNA,
representing a 1:1 mix of the castaneus and domesticus tem-
plates, incorporates both of the nucleotides. dATP incorpora-
tion in F, is higher than dGTP incorporation, although, theo-
retically, it should be equivalent (see text). The experimentally
observed relative incorporation of the two nucleotides by F,
DNA was used to derive a correction factor (see Materials and
Methods) for dGTP incorporation. (b) Castaneus and domesti-
cus DNA mixed in known proportions as indicated, amplified,
and assayed by SNuPE. The expected values of A/(A+G) on the
basis of relative concentrations of domesticus and castaneus
DNA used in the mix are compared with those observed.



expression of Igf2 from the maternal and paternal alleles.
In this case, a primer immediately upstream of the poly-
morphic base at position +440 of exon 6 was extended.
This primer incorporates dGTP from the domesticus al-
lele and dATP from the castaneus allele.

Effect of 10xP sites insertion on expression of H19
and Igf2

Because the insertion of loxP sites may, even without
deletion of the intervening sequences, interfere with al-
lele-specific expression of H19 and Igf2, we investigated
H19 and Igf2 expression in DMR°* mutants. Domesti-
cus DMR!°* males were mated to wild-type females
carrying a castaneus allele at the H19/Igf2 locus. In
+/DMR°* neonates, expression of H19 continues to be
solely maternal (Fig. 3b; Table 1). DMR®*/+ progeny
from a reverse cross, with maternal inheritance of the
DMRf°%, exhibited normal imprinting of Igf2 (Fig. 3g;
Table 1), that is, solely paternal expression was observed.
Thus, insertion of loxP sites did not lead to activation of
either paternal H19 or maternal Igf2. In addition, the
overall levels of expression of H19 and Igf2 in +/DMR1ex
and DMR°%/+ neonates were unaltered in liver, heart,
and muscle as determined by Northern hybridization
(data not shown).

Analysis of allele-specific expression of H19

Deletion of the DMR in the entire mouse, including the
germ-line tissues, was afforded by mating DMR'1°* males
with females expressing cre recombinase during early
embryogenesis under the control of the EIla promoter
(Lakso et al. 1996). Mutants heterozygous for the deleted
allele DMR*€ (for germ-line deletion) were then mated
to wild-type mice homozygous for the castaneus allele of

Distinct mechanisms for H19 and Igf2 imprinting

H19. When the deletion was inherited paternally, acti-
vation of paternal H19 was observed (Fig. 3c; Table 1). As
suggested by the biallelic expression, an increase in the
total H19 RNA was also observed by Northern analysis
(data not shown). These results confirm the role of the
DMR in imprinted expression of H19 as reported earlier
(Thorvaldsen et al. 1998).

To address the role of the DMR after gametogenesis,
we examined H19 expression in mice in which the DMR
was intact in germ cells but was deleted after fertiliza-
tion. Zygotes were obtained by mating males carrying
the DMR°* allele with females homozygous for the
wild-type castaneus allele. These zygotes were injected
with plasmid pCAGGS-cre to induce transient expres-
sion of cre recombinase from the B-actin promoter (Araki
et al. 1995). Neonates in which the DMR was success-
fully deleted were identified. DMR** mutants (for zy-
gotic deletion), like DMRA“ mutants, showed an activa-
tion of the paternal H19 (Fig. 3d; Table 1). As described
earlier, setting up of the imprint during gametogenesis is
normal in DMRf°* males. Hence, these results demon-
strate that the DMR plays a crucial role in maintaining
the imprint of the locus or in transcriptional silencing.

To investigate the role of the DMR in transcription per
se, we examined H19 expression in mice in which the
region was deleted from the paternal chromosome late in
development, at the final steps of differentiation. Such
mice were obtained by mating males carrying the
DMR°= allele with females expressing cre recombinase
under the control of the muscle creatin kinase (MCK)
promoter (Bruning et al. 1998) and carrying castaneus
alleles of H19. The MCK promoter is expressed in ter-
minally differentiated skeletal and cardiac muscle cells
(Lyons et al. 1991; Sternberg et al. 1988) and has been
demonstrated to cause cre recombinase-mediated exci-
sion at a high efficiency in these tissues (Bruning et al.
1998). Southern analysis demonstrated that excision of

dATP

dGTP

dATP

dGTP

See

L L

-e

- -

R

b

paternal allele

u maternal allele

cas dom F1 F1
f

wildtype DMRflox
g

wildtype DMRAG

DMRflox pMRAZ

DMRflox DMRAS
j

ees

- - e

Seen

cas dom F1 F1

wildtype DMRflox

wildtype DMRAG

DMRflox pmRAZ

DMRflox pMRAS

paternal allele

maternal allele

Figure 3. Effect of the DMR deletion mutations on H19 and Igf2 allele-specific expression. Skeletal muscle RNA samples were DNase
treated, amplified for H19 and Igf2 by RT-PCR, and analyzed by SNuPE assays. (a,f) Demonstration of the efficiency of the assay for
H19 and Igf2 respectively, by testing pure DNA templates, castaneus (cas), domesticus (dom), and DNA from castaneus x domesticus
F, mouse (F1), which represents a 1:1 mix of the templates. On the basis of a polymorphism between castaneus and domesticus alleles,
the relative incorporation of the radiolabeled nucleotides dATP and dGTP during primer extension gives an estimate of relative
abundance of the DNA from the two parental alleles. H19 expression was analyzed in neonates carrying a mutated paternal allele (b-e).
Igf2 expression was analyzed in neonates carrying mutated maternal allele (g—j). Control littermates are either wild-type or DMR!ox
as indicated. The experimental chromosome (paternal for H19 and maternal for Igf2) is always domesticus, whereas the other
chromosome is wild-type castaneus. For each RNA sample analyzed, RT-minus controls were used. These exhibited no amplification
products, demonstrating the absence of any DNA contamination in the DNase treated RNA samples.
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Table 1. Allele specific expression of H19 and 1gf2 in DMR mutants

% contribution of paternal allele total H19 mRNA

% contribution of maternal allele to total Igf2 mRNA

Wild type 2.5+0.2
DMRflox 2.9+0.3
DMRAS 42.9 £ 6.2
DMRA% 298 +2.5
DMRAS 1.7+04

4.0+09
47+13
34.7£5.0
40.5+ 1.3
20.0+0.2

Samples were analyzed by SNuPE assays. The values are from representative experiments and are an average derived from at least three
skeletal muscle RNA samples. Similar results were noted from heart RNA samples in all cases. Pure castaneous DNA gives a
background of 2 + 0.5% for H19 and 5 + 2% for Igf2. The values have not been corrected for this background but are corrected for
differences in incorporation of dATP and dGTP by F1 DNA (see Materials and Methods).

the DMR occurred in at least 50% of the cells in the
muscle preparations and in a greater proportion of cells
in hearts from neonates (data not shown). The partial
excision observed was expected because the dissected
muscle or heart tissue also contains non-muscle cells
coming with connective tissue and blood vessels that
should not express MCKcre. Strikingly, despite the DMR
excision, expression of H19 in these DMR*® (for somatic
deletion) mutants remained completely monoallelic in
muscle (Fig. 3e; Table 1) and heart (data not shown). We
conclude that the DMR sequences and the imprint they
carry are not required to actually prevent transcription of
the paternal H19 allele. Rather, it appears that the DMR
in its imprinted state must have directed changes during
development, possibly in the H19 promoter region, that
led to silencing of the paternal H19.

Analysis of DNA methylation around H19 promoter

At the gamete stage, paternal methylation of the H19
locus is restricted to the DMR. During early embryogen-
esis, however, the methylated region on the paternal
chromosome spreads to encompass the H19 promoter
and structural gene (Bartolomei et al. 1993; Brandeis et
al. 1993; Ferguson-Smith et al. 1993; Tremblay et al.
1995, 1997). Considering the strong correlation between
the silencing of H19 and methylation of its promoter
region, we investigated the requirement of the DMR for
this promoter methylation using restriction enzymes
sensitive to methylation (Fig. 4). Genomic DNA derived
from DMRAC mutants inheriting the mutation either pa-
ternally or maternally was digested with BamHI and
BgIII and probed with an Xbal/BamHI probe as shown in
Figure 4a. The DMRA€ allele yields a band of 1.5 kb as
opposed to 2.5 kb from the wild-type DNA. When this
digest was additionally digested with Hpall or Hhal, the
wild-type paternal chromosome showed partial resis-
tance to these methylation-sensitive enzymes, whereas
the wild-type maternal chromosome was completely di-
gested. In contrast, the DMR*S allele on the paternal
chromosome was digested completely and was indistin-
guishable from a maternal chromosome in this respect.
DMR*% mutants gave identical results (data not shown).
The methylation status of DMR*® was investigated by
digesting the genomic DNA with BamHI and HindIII
using the Xbal/BamHI fragment as a probe. In this case
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wild-type, undeleted DMR°* and deleted DMR*® alleles
give 2.5-, 2.6-, and 1.6-kb bands, respectively. Additional
digestion with methylation-sensitive enzymes Hpall and
Hhal was performed. The paternal DMRAS allele, like
the wild-type paternal allele, was partially resistant to
Hpall and Hhal and thus distinct from the maternal
DMRAS, indicating that the promoter stays methylated
despite the absence of the DMR when deletion is ef-
fected in differentiated cells.

The analysis of DNA methylation on the basis of di-
gestion with methylation-sensitive enzymes and South-
ern hybridization gives an estimate of the population-
averaged status of methylation at some specific enzyme
sites. Bisulphite-based cytosine methylation analysis
was performed to derive information about additional
CpG residues in the H19 promoter region and to deter-
mine methylation patterns of individual chromosomes.
Genomic DNA from the skeletal muscle of wild-type
and mutant neonates was digested with BamHI, treated
with bisulphite, amplified, cloned, and sequenced. Bisul-
phite treatment modifies all unmethylated cytosines to
thymidines (Frommer et al. 1992). Methylated cytosines
escape this conversion and hence can be recognized di-
rectly. Most of the 19 CpG residues between -170 and
+167 bp were found to be methylated on the wild-type
paternal chromosome, although the methylation at each
individual residue was variable (Table 2) as has been re-
ported earlier (Tremblay et al. 1997). However, hyper-
methylation was missing on the paternal chromosomes
from which the DMR was deleted either in the germ line
(DMRA€) or at the zygotic stage (DMR*%). In DMRAS
mutants, hypermethylation on the mutated paternal
chromosome was very similar to that of the wild-type
paternal chromosome. Thus, a paternal DMR is required
at least in the early embryo to direct CpG methylation of
the H19 promoter region. However, once established,
this promoter methylation is not dependent on the con-
tinued presence of the DMR. Because the DMR deletion
in DMRA® mutants occurs in terminally differentiated
cells, our results do not address the stability of the pro-
moter methylation on multiple cell divisions in the ab-
sence of the DMR.

We note that all four mutations DMRf°*, DMRA®,
DMR4%, and DMR”*S, when present on the maternal
chromosome, did not have any effect on monoallelic ex-
pression of H19, which continues to be solely maternal



(data not shown). This result was expected on the basis
of the cis-acting nature of the DMR (Thorvaldsen et al.
1998), (C. Kaffer and M. Srivastava, in prep.).

Analysis of allele-specific 1gf2 expression

Allele-specific expression of Igf2 was also investigated
subsequent to deletion of the DMR at different stages
using protocols similar to those described above for H19.
Deletion of the DMR from the maternal chromosome
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Figure 4. CpG methylation in the H19 promoter region as as-
sayed by digestion with methylation-sensitive enzymes. (a) Re-
striction map of the region. Wild-type and DMR!°* alleles are
distinguished by the presence of a BgIII site at -0.8-kb (top). Cre
recombinase mediated excision of the DMR keeps the BgIII site
and also brings in juxtaposition a HindIlI site (bottom). (Thick
lines) The probes used for hybridization; (*) BgIII site present
only on the DMR®°* and DMR* alleles; (**) HindIII site present
only on DMR®? allele; (arrow) transcription start site for H19. (b)
Maternal and paternal inheritance of DMR*S. DNA prepared
from skeletal muscle of neonates inheriting DMRA€ either ma-
ternally or paternally was digested with BamHI and BgIII. Sub-
sequent hybridization with a 1.4-kb probe (see a) reveals 2.5-
and 1.5-kb bands representing the wild-type and mutant chro-
mosomes, respectively. Additional digestion with Hpall and
Hhal was performed to monitor methylation. (c) Deletion of the
DMR mediated by MCK-cre recombinase. DNA was prepared
from neonates in which the DMR*® mutation was generated on
the maternal or paternal chromosome. Control DNA is from
+/DMR°* mutants not carrying the MCK-cre transgene. Diges-
tion with BamHI and HindIIl and subsequent hybridization as
above reveals three bands of 2.6, 2.5, and 1.6 kb representing
DMR°*, wild-type, and DMRA® alleles, respectively. Portions
of the enzyme digest were also digested with Hpall and Hhal
and methylation of the DMRAS allele was monitored by the
disappearance of the 1.6-kb band. (B) BamHI; (Bg) BglIIlI; (H)
HindIll; (Hh) Hhal; (Hp) Hpall, and (X) Xbal.
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Table 2. Status of CpG methylation around the H19
promoter on paternal chromosome in DMR mutants

CpG wild type DMRAS DMRA# DMRAS
170 5/8 0/7 0/5 11/14
164 6/8 0/7 0/5 13/14
147 6/8 0/7 1/5 13/14
143 5/8 0/7 0/5 10/14
139 6/8 0/7 0/5 13/14
-131 3/8 0/7 0/5 9/14
-106 3/8 0/7 0/5 12/14
97 5/8 0/7 0/5 11/14
94 6/8 0/7 0/5 12/14
59 7/8 0/7 0/5 13/14
46 8/8 0/7 0/5 13/14
20 3/8 0/7 0/5 6/14
-6 3/8 0/7 0/5 8/14
+3 6/8 0/7 0/5 9/14
+43 0/8 0/7 1/5 13/14
+81 3/8 0/7 0/5 11/14
+90 8/8 0/7 2/5 12/14
+102 3/8 0/7 1/5 12/14
1167 8/8 2/7 1/5 14/14

Position of the CpG residues are in relation to the transcrip-
tional start site of H19. Fraction of clones found to be methyl-
ated is shown.

either in the germ line, DMRA, or in the zygote,
DMR4%, led to biallelic expression of Igf2 (Fig. 3h,i;
Table 1). When the DMR was deleted in differentiated
cells using an MCK-promoter driven cre recombinase
(DMRAS), the excision efficiency in skeletal muscle and
heart was >50% as described earlier. In contrast to what
we observed for H19, excision of the DMR in differenti-
ated cells results in a loss of imprinting of Igf2. The
mutant maternal DMR*S allele expressed Igf2 (Fig. 3j;
Table 1). These results demonstrate that the DMR is
continually required on the maternal chromosome to
keep Igf2 silenced. Its deletion at any stage leads to bi-
allelic expression of Igf2.

The presence of any of the four mutations, DMRL°¥,
DMRA%, DMR*%, and DMR4%, on the paternal allele did
not interfere with monoallelic paternal expression of
Igf2 (data not shown) consistent with the idea that it is a
cis-acting element (Thorvaldsen et al. 1998), (C. Kaffer
and M. Srivastava, in prep.).

Discussion

Imprinting of H19 and Igf2 is regulated by a cis-acting
element present upstream of HI19 (Thorvaldsen et al.
1998). In the absence of this element, normally silent
paternal H19 and maternal Igf2 alleles are transcribed.
Such a loss of monoallelic expression will be manifest if
the region is responsible for setting up the imprint dur-
ing gametogenesis, maintaining the imprint in cells dur-
ing development, or providing appropriate signals to the
transcriptional machinery for monoallelic transcription.
To understand the role of DMR in these distinct pro-
cesses, we deleted the DMR during different stages that
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could be important for imprinted expression. The DMR
was deleted in the germ line, in the zygote, and in ter-
minally differentiated muscle cells. Analysis of the de-
leted mutants revealed that maternal Igf2 and paternal
H19 are silenced by two distinct mechanisms, suggest-
ing the presence of two regulatory elements in the de-
leted DMR (Fig. 5). Whether the two regulatory elements
are structurally distinct or share any sequences remains
to be determined.

Activation of the paternal H19 was observed when the
DMR was deleted in the paternal germ line as was ex-
pected on the basis of earlier studies (Thorvaldsen et al.
1998). When setting up of the imprint was normal and
the DMR was deleted only in the zygote, activation of
paternal H19 was still observed, showing a requirement
of this region post-fertilization. However, when the
DMR was deleted in the terminally differentiated cells,
H19 expression remained solely maternal just as in the
wild-type mice. Because the DMR is required subse-
quent to fertilization but not continually required to pre-
vent transcription from the H19 promoter, it must direct
certain epigenetic modifications of the region during de-
velopment that lead to the silencing of the HI19 pro-
moter. Once silencing has been achieved, it is stable de-
spite the removal of DMR, indicating that the DMR and
associated proteins do not interact directly with the tran-
scriptional machinery to prevent transcription from the
H19 promoter. Whether DMR-mediated changes are
stable during mitosis was not addressed by these experi-
ments.

Additionally, the H19 promoter was found to be meth-
ylated when silent (wild-type and DMRAS) and non-
methylated when actively transcribing (DMR*% and
DMRAS). It is known that whereas the DMR is methyl-

Insulator

maternal allele

paternal allele —E%H””:_@_

Figure 5. A model to explain H19 and Igf2 imprinting. Hyper-
methylation and other associated changes (close vertical bars) at
the DMR on the paternal chromosome accomplish two func-
tions. They inactivate the insulator function residing in the
DMR to allow Igf2 promoter-enhancer interaction and also di-
rect epigenetic modification (sparse vertical bars) of the H19
promoter region leading to its transcriptional silencing. The
shared endodermal enhancers for H19 and Igf2 expression have
been mapped from the +7- to +9-kb region downstream of H19
(Leighton et al. 1995). The enhancers for mesodermal expression
of H19 are located downstream to +12 kb of H19 and on the
basis of identical expression patterns of the two genes, are pre-
sumably shared by Igf2. (D) DMR; (E) enhancer.
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ated in the sperm, a region encompassing the H19 pro-
moter on the paternal chromosome acquires methyl-
ation only during early embryogenesis (Brandeis et al.
1993; Tremblay et al. 1995, 1997). Although methylation
of the H19 promoter correlates well with its silencing,
there might be other epigenetic modifications required
(Brenton et al. 1999). The methylated state of the DMR
itself does seem to be critical, as demonstrated by bial-
lelic H19 expression in embryos homozygous for the de-
letion of DNA methyltransferase gene, dnmt (Li et al.
1993). It appears that DMR in its methylated state, as on
the paternal chromosome, has the ability to unidirec-
tionally silence the adjacent genes, perhaps by acting as
a nucleation center for spread of methylation and hypo-
acetylation or specifically recruiting enzymes that cause
such modifications at the H19 promoter. The nature of
such enzymes is presently unknown. Recently identified
de novo methylases dnmt3a and dnmt3b, which are re-
quired during development (Okano et al. 1999), may
have a role to play in this process. Other enzymes that
either methylate DNA (dnmt) or recognize methylated
DNA (MeCP2 and MBD2) have all been shown to have
histone deacetylase activity, demonstrating a strong
functional link between methylation, histone deacetyla-
tion, and silencing (Nan et al. 1998; Ng et al. 1999; Wade
et al. 1999; Fuks et al. 2000). Whether H19 silencing
involves any of these processes, remains to be investi-
gated. Interestingly, a 1.1-kb domain (-2.9 to -1.8 kb
upstream of H19) within the DMR has been shown to act
as a bidirectional silencer in Drosophila (Lyko et al.
1997), an organism that lacks DNA methylation. In
mice, transgenes of the H19 region that are devoid of this
silencing domain do not exhibit silencing of H19 when
paternally inherited (Brenton et al. 1999). The element is
an active silencer only in its methylated state (as on the
paternal chromosome) and is inactive on the nonmeth-
ylated maternal chromosome. The relationship of the
1.1-kb element to act as a bidirectional silencer in Dro-
sophila in an unmethylated state and to act as a unidi-
rectional silencer in mice in a methylated state is pres-
ently intriguing.

Thus, whereas the details of the actual molecular
events leading to silencing of H19 remain elusive, there
are two questions pertaining to H19 silencing. First, how
does the DMR direct modifications of the H19 locus dur-
ing cell differentiation? And second, how does the tran-
scriptional machinery recognize the modified H19 pro-
moter region to be distinct from the unmodified mater-
nal H19 promoter leading to a differential transcriptional
response? Our analysis of conditional mutants suggests
that these two questions can be temporally divided. Fur-
ther, our results demonstrate that the original imprint
can lead to establishment of new distinctions between
the paternal and maternal alleles and that it is these new
distinctions that are actually pertinent for allele-specific
activation by the transcription machinery of the cells.

Deletion of the DMR on the maternal chromosome
led to the activation of maternal Igf2, irrespective of
whether the deletion was effected in the germ line dur-
ing establishment of the imprint, post-fertilization, or in



differentiated tissue. Its constant requirement to keep
Igf2 silenced is in consonance with the idea that the
region harbors an insulating element that prevents the
interaction of the upstream Igf2 promoter with down-
stream enhancers (Schmidt et al. 1999). The observation
that deletion of the DMR led to expression of both Igf2
and H19 from the same chromosome (this work; C. Kaf-
fer and M. Srivastava, in prep.) and that insertion of
DMR sequences between the H19 promoter and its skel-
etal muscle enhancers abolished H19 expression in skel-
etal muscle (C. Kaffer and M. Srivastava, in prep.)
strongly supports this idea. Such an insulation prevents
the transcription of maternal Igf2. When methylated, as
on the paternal chromosome, the insulating function is
abrogated, leading to paternal expression of Igf2. The im-
portant role of methylation is again evident as homozy-
gous deletion mutants of the DNA methyltransferase
gene exhibited complete loss of Igf2 expression (Li et al.
1993).

Presently, however, the role of other epigenetic modi-
fications cannot be ruled out. Also, no trans-acting fac-
tors are currently known that work with this insulator to
bring about silencing of Igf2. Insulating elements have
been reported to regulate gene expression in other sys-
tems (Kellum and Schedl 1992; Chung et al. 1993; Geyer
1997). The ability of epigenetic modifications, either di-
rectly or in concert with other trans-acting factors, to
control the insulating activity in a parent-of-origin-de-
pendent manner appears to be the special feature of the
Igf2 locus.

The conclusion that monoallelic expression of the
H19 and Igf2 genes occurs via distinct mechanisms is
supported by several molecular and biochemical analy-
ses in addition to the genetic studies described here.
Early experiments examining nuclease sensitivity at the
two genes’ promoters suggested that differential regula-
tion might be related to the changes at the H19 promoter
(Sasaki et al. 1992; Bartolomei et al. 1993), but that both
the maternal and paternal Igf2 promoters were available
for active transcription (Sasaki et al. 1992). Further,
monoallelic expression of H19 and Igf2 in cell lines is
differentially sensitive to drugs that affect histone acety-
lation and methylation. Maternal Igf2 repression could
be alleviated by using inhibitors of histone deacetylase,
but alleviation of paternal H19 repression required both
an inhibition of histone deacetylation and an inhibition
of DNA methylation (Pedone et al. 1999), suggesting that
different mechanisms were being used to achieve silenc-
ing of these genes.

Our results suggest that imprinted expression of genes
may be achieved by taking advantage of mechanisms
that are normally used for temporal and spatial regula-
tion of genes as long as the imprint can interfere with
this mechanism. Given the variabilty in the mecha-
nisms of gene regulation, the mechanisms that accom-
plish allele-specific regulation may be very diverse. As-
sociation of hypermethylation in some genes with the
expressed allele and in others with the nonexpressed al-
lele (Caspary et al. 1998), supports the idea that the dis-
tinction of the two alleles is relevant rather than the

Distinct mechanisms for H19 and Igf2 imprinting

modification itself. The distinction may be either the
original gametic imprint or the changes directed by that
imprint. In the case of the DMR, the original state of
differential methylation is retained. However, it is pos-
sible that for some other locus, the original imprint is
lost during development once it has successfully di-
rected certain epigenetic modifications important for al-
lele-specific expression.

It is logical to think that cis elements involved in tran-
scriptional regulation will either be required to establish
an open/closed promoter structure at a specific stage and
are redundant thereafter, or will be continually required
to provide signal to the transcriptional machinery to
transcribe/not transcribe a given gene. The DMR be-
tween H19 and Igf2 genes happens to contain both kinds
of elements. The role in the epigenetic silencing of H19
in a temporal fashion appears to be a unique character-
istic of the deleted DMR region. It may represent a new
class of mammalian silencers, which are only required to
establish a closed promoter structure at a specific stage
and are redundant thereafter as has been reported in
yeast (Holmes and Broach 1996). Such silencers must
have a very different mechanism of action than those
that are continually required to keep the promoter shut
off. Having dissected the temporal requirements of the
DMR in regulating silencing of H19 and Igf2, it is now
possible to look for trans-acting factors and details of
molecular mechanisms involved in silencing achieved
by these two kinds of elements.

To our knowledge, no cis-acting elements involved in
transcription, enhancers, insulators, silencers, or LCRs
have been dissected in a temporal manner in the mam-
malian system. We believe that the loxP/cre mediated
approach will prove useful for studies investigating the
mechanism of such elements. How would enhancer
function, for example, be affected in such an experi-
ment? Our studies provide a new perspective on the tem-
poral requirements that may aid the understanding of
mechanisms underlying the action of cis elements on
genes both within and outside of the realm of the im-
printing.

Materials and methods

Generation of conditional mutants of DMR

The targeting vector was constructed by use of DNA derived
from 129/Sv] mice. The vector contained sequences extending
from -11-kb EcoRI to +6.5-kb Xbal relative to the HI9 tran-
scriptional start site. Additionally, it carried a neomycin-resis-
tance gene flanked by IoxP sites inserted at the -7.0-kb HindIII
site, another loxP site inserted at the -0.8-kb Xbal site, and a
diptheria toxin gene as a negative marker. The orientation of all
three loxP sites was the same and the insertion of the loxP site
at the -0.8-kb Xbal position was engineered to also create a new
BgIII site at this position. The targeting vector was linearized
with Notl and electroporated into mouse R1 embryonic stem
cells. Correctly targeted clones were confirmed by Southern hy-
bridization (Fig. 1). Positive clones were electroporated with
plasmid pBS185 (GIBCO BRL) directly expressing cre recombi-
nase to excise the Neo* gene. These DMR°* alleles were iden-
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tified by using a PCR-based strategy to detect the presence of
loxP sites on either side of the DMR by amplifying the region
around the -7.0-kb HindIIl site with primers PrA (5'-CAG-
GCCTGTCCTCACCTGAAC-3') and PrB (5'-GCCAGCTT-
GCCTTGGCAACCCCTT-3’), and around the -0.8-kb Xbal site
with primers PrC (5-CCACTGCTGAGTGGTCATG-3’) and
PrD (5'-CGTGCGTGCGTATACCATTGCTC-3’). The amplifi-
cation products were confirmed by sequencing. Clones carrying
the DMR!!°* allele were introduced into C57/BL6-J blastocysts
to generate chimeric founder mice. DMRAS, DMR*%, and
DMRAS alleles were obtained by the action of cre recombinase
on DMR°% alleles in vivo and screened for the excision by PCR
using primers PrA and PrD. The efficiency of the deletion in the
muscle and heart was assayed by Southern blotting.

SNuPE assay for allele-specific expression analysis

Liver, heart, and skeletal muscle RNA samples were DNase
treated and amplified for H19 and Igf2 by RT-PCR using the
Superscript Preamplification System (GIBCO BRL). Absence of
any DNA contamination in the RNA samples was evidenced by
absence of any amplification from parallel RT minus controls
for each RT-PCR reaction. The amplification primers for H19
were 5-GCACTAAGTCGATTGCACTGG-3' and 5'-GCCT-
CAAGCACACGGCCACA-3'. Those for Igf2 were 5'-CCAT-
CAATCTGTGACCTCCTCTTG-3" and 5-TGTTGTTCTCA-
GCCAGCTTTACAC-3'. The PCR products (164 bp for H19 and
574 bp for Igf2) were purified twice using the High Pure PCR
Purification Kit (Roche) to eliminate free dNTPs. Approxi-
mately 5 ng of the PCR product was used as a template in
SNuPE assays for incorporation of dATP or dGTP essentially
as described (Kuppuswamy et al. 1991). The primers used
for extension were 5'-CGTATGAATGTATACAGCAAGTGT-
GTAA-3’ for H19 and 5'-ACACCATCGGGCAAGGGGATCT-
CAGCA-3’ for Igf2. Extended primers were analyzed on an 18%
polyacrylamide-6 M urea gel. Incorporation was quantified us-
ing the Molecular Dynamics Storm Phosphorlmaging System.
For each experiment, PCR products amplified from the DNA of
castaneus x domesticus F, mice were used as controls in the
SNUPE reaction. Incorporation of dATP/dGTP in F; DNA was
used as a correction factor (F). F x dGTP incorporation was taken
as the corrected dGTP incorporation and used to calculate the
relative contribution of the paternal H19 allele to total H19
expression [A/(A+G)] and of the maternal Igf2 allele to total Igf2
expression ([G/(A+G)] shown in Table 1.

Bisulphite-based DNA methylation analysis

DNA from wild-type, DMRAS, and DMR“% mutants was di-
gested with BamHI and treated with sodium bisulphite using
the CpGenome DNA modification kit (Intergen Company). The
region around the H19 promoter (-266 to +338) was amplified by
use of a nested PCR strategy. The primer sequences used for this
purpose were chosen such that they are completely devoid of
CpG residues and were designed such that they would anneal to
the modified DNA in which the cytosine residues have been
changed to thymidine. The primers for the first PCR were
5-GTTTTAGATAGGGTTTTAGTAGGTTA-3' and 5’-CTA-
CTACCAACTATACCTTCACTACC-3’, and those for the
nested PCR were 5-TTAAGGGAGATATTTGGGGATAAT-
GTTA-3' and 5-AACTATACCTTCACTACCCAAATCTAAA-
3’. DNA from at least four PCR reactions was cloned and se-
quenced. Paternal clones were identified on the basis of a poly-
morphism at +167 between castaneus and domesticus DNA.
Because DMR*S DNA has a mix of maternal, undeleted paternal
(DMR9%), and deleted paternal DMR*S alleles, primers were
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chosen to selectively amplify only the deleted paternal allele.
The primers for the first PCR were 5-TGGAATTGATGGTG-
GTGTTTGTATTT-3' and 5-CTACTACCAACTATACCTT-
CACTACC-3’, whereas those for the nested PCR were
5-TTAAGGGAGATATTTGGGGATAATGTTA-3’ and 5'-AA-
CTATACCTTCACTACCCAAATCTAAA-3'. In this case, bi-
sulphite conversion was carried out in agarose beads (Olek et al.
1996) carrying 400 ng of DNA per bead. The PCR products were
cloned and sequenced. The sequencing primer for all sequencing
reactions was 5'-CTCCCCATTCCTCTCCAACCCTAACTC-3'.
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